Abstract. It is crucial to enhance tumor radiosensitivity for the purpose of both lowering the dose of ionizing radiation (IR) and achieving higher antitumor efficacy. We identified curcumin as a radiosensitizer to enhance non-Hodgkin's lymphoma (NHL) cell response to IR in vitro and further investigated the mechanism mediating this effect. We treated Namalwa, Ramos and Raji cell lines with vehicle, curcumin, IR and curcumin-IR. Cell viability and cell cycle distribution were determined to ascertain the radiosensitization effect of curcumin. DNA damage-related proteins, cell cycle regulatory proteins, phosphorylation of mammalian target of rapamycin (mTOR) and the nuclear translocation of the downstream nuclear factor-κB (NF-κB) target were examined by western blotting. Treatment with curcumin led to decreased viability of all three types of NHL cells and had a profound radiosensitization effect. Pre-treatment with curcumin at a low concentration of 2 µmol/l increased IR-induced G2/M arrest in the cell cycle and increased the expression of cyclin-dependent kinase inhibitors, p21 cip1 and p53. However, this effect was blocked when NHL cells were pre-treated with 10 µmol/l of KU55933, a specific inhibitor of ataxia-telangiectasia-mutated (ATM). Pre-treatment with curcumin inhibited the phosphorylation of mTOR and the nuclear translocation of the downstream NF-κB target induced by IR. Curcumin enhanced the cell response to IR in NHL mediated through the induction of G2/M phase arrest and the inhibition of both a constitutive and IR-induced activation of the mTOR-NF-κB pathway. This offers great potential for curcumin to be used in conjunction with radiotherapy for NHL in order to increase the efficiency of the treatment.
Introduction
Non-Hodgkin's lymphoma (NHL) represents heterogeneous lymphoproliferative malignancies with differing patterns of behavior and therapy response (1) . Traditionally, ionizing radiation (IR) therapy plays an important role in the management of NHL. IR alone is an effective therapy for stages I and II in indolent NHL patients. While indolent and aggressive NHLs are responsive to IR and chemotherapy, approximately 50-70% of the patients relapse (2) . It is suggested that a poor prognosis of NHL may be due to its resistance to cell death induction by IR or chemotherapy. Therefore, future improvements in the therapeutic index for radiotherapy are required to target resistant cells and improve efficacy without toxicity.
Curcumin (diferuloylmethane), a major constituent of turmeric powder, is extracted from the rhizomes of the plant Curcuma longa. Numerous studies have demonstrated the effectiveness of curcumin as an anticancer drug or chemopreventive agent in laboratory animal models of human carcinogenesis including NHL (3-6) without cytotoxic effects on healthy cells (7) . Inhibition of cell growth and induction of apoptosis is the common mechanism by which curcumin demonstrates its anticancer effects. In addition to the effectiveness of curcumin alone, it is being currently evaluated in combination therapy with IR or chemotherapy. Curcumin has exhibited varying effects on radiation sensitivity in different cancer cell types and its effect as a radiosensitizer has been supported in a variety of tumors including prostate, colorectal and ovarian cancers (8) (9) (10) (11) (12) . Likewise, we previously demonstrated that curcumin may enhance IR-induced apoptosis in NHL (13) .
Accumulating evidence suggests that multiple signaling pathways, including inhibition of nuclear factor-κB (NF-κB), are involved in mediating the effect of curcumin on the growth suppression of human cancer cells (4, (14) (15) (16) (17) (18) . The mammalian target of rapamycin (mTOR), an atypical serine/threonine (S/T) protein kinase, plays a central role in controlling cell growth, proliferation and metabolism (19, 20) . Activation of the mTOR pathway was noted in melanoma (21) , squamous cell cancers (22) , adenocarcinomas (23) , colorectal cancers (24) and lymphomas (25) . Increasing lines of evidence suggest that curcumin may exert its antiproliferative effects Curcumin enhances the response of non-Hodgkin's lymphoma cells to ionizing radiation through further induction of cell cycle arrest at the G2/M phase and inhibition of mTOR phosphorylation by inhibiting mTOR signaling directly or indirectly and thus may represent a new class of mTOR inhibitors (26) .
The ability of curcumin to alter the redox status of transformed cells (27) and its desirable safety profile prompted us to investigate whether it may also alter radiation sensitivity in NHL. In this study, we investigated the mechanism of action for curcumin's effect on IR cytotoxic activity in NHL cells. Since NHL is often resistant to IR-induced cell death induction, we specifically examined how curcumin induces cell death. Therefore, we searched for molecular mechanisms that were associated with susceptibility to cell death. We were able to highlight a novel mechanism by which curcumin caused G2/M cell cycle arrest in NHL cells at concentrations that were very close to its plasma-achievable concentrations in humans. In this study, curcumin was identified as a radiosensitizer in NHL cells. Furthermore, its effects were mediated through the inhibition of IR-induced mTOR-NF-κB activation.
Materials and methods
Reagents. Ataxia-telangiectasia-mutated (ATM)-kinase inhibitor, KU55933, was purchased from Calbiochem (an affiliate of Merck KGaA). Curcumin, RNase A, propidium iodide and rapamycin (mTOR inhibitor) were purchased from SigmaAldrich (St. Louis, MO, USA). Antibodies against p53 (sc-6243) and β-actin (C4, sc-47778) were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). Antibodies against phosphorylated and nonphosphorylated mTOR (Ser2448), p65, p21Waf1, p53, phospho-ATM (Ser-1981), ATM and DNA polymerase β-1 were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA). Electrophoresis reagents, cDNA synthesis kits, SYBR-Green Master Mix and iQ5 software were all obtained from Bio-Rad (Hercules, CA, USA). Unless otherwise indicated, all other chemicals used in this study were purchased from Sigma-Aldrich.
Cell lines and culture. Three human lymphoma cell lines (Namalwa, Ramos and Raji) were purchased from the American Type Culture Collection. The cells were maintained in Roswell Park Memorial Institute (RPMI)-1640 medium (Sigma-Aldrich) supplemented with 10% fetal calf serum (Invitrogen Life Technologies, Carlsbad, CA, USA), 100 U/ml penicillin and 100 mg/ml streptomycin in a humidified incubator at 37˚C in the presence of 95% air and 5% CO 2 .
Cell treatment. Curcumin (98% purity) was dissolved in dimethyl sulfoxide (DMSO, final concentration 0.5%) to produce a 100 mmol/l stock solution. IR was delivered in a Siemens Primus accelerator (Hamburg, Germany) at 6 MV at room temperature (dose rate: 200 cGy/min). Control cells were not irradiated but they were removed from the incubator and were then placed at the radiation site for the same period of radiation as the irradiated cells. For combined treatment with curcumin, rapamycin or KU55933 and IR treatment, cells were kept at 37˚C with the indicated agent for 4 h prior to IR treatment.
Cell viability assay. Cell viability was determined with the tetrazolium salt water-soluble tetrazolium salt assay (Roche Diagnostics GmbH, Penzberg, Germany) as previously described (13) . The results were expressed as a percentage of cell viability for each concentration of curcumin with respect to the controls.
Cell cycle analysis. The cell cycle distribution was determined by staining with propidium iodide (PI) as previously described (28) . After treatment with curcumin (2 and 10 µmol/l), 1x10 6 cells were harvested and fixed in 70% ethanol at 4˚C overnight. The cells were washed twice in ice-cold PBS, were treated with RNase for 1 h and their DNA was stained with PI solution (50 mg/ml) for 30 min in the dark. The cell cycle distribution was determined using FACSAria II flow cytometer (Becton Dickinson, San Diego, CA, USA) using Cell Quest software.
Subcellular fractionation. Namalwa, Ramos and Raji cells were incubated with various stimuli for the indicated times, and the total and nuclear extracts were obtained as previously described (13) . The protein content was measured by the Bradford method (Bio-Rad, Hercules, CA, USA). Following analysis of protein content, 20 µg of both fractions was subjected to SDS-polyacrylamide gel electrophoresis and examined by western blotting.
Western blot analysis. Equal amounts of lysate protein (20 µg)
were separated by SDS-polyacrylamide gel electrophoresis, transferred to polyvinylidene difluoride membranes and blocked in 5% non-fat milk in PBS for 1 h. The membranes were probed with the primary antibodies mentioned above in the Reagents section. Membranes were re-probed with anti-β-actin antibody at the concentration of 1:5,000. The antibodies were detected using a chemiluminescence detection kit (LumiGLO; Cell Signaling Technology, Inc.) according to the manufacturer's instructions.
Statistical analysis. Data are presented as the means ± SEM.
Comparison between groups was performed with the paired Student's t-test and the level of statistical significance was determined to be P<0.05.
Results

Effects of curcumin on cell viability in human lymphoma cell lines.
We assessed the antiproliferative effect of curcumin on NHL cell lines. Namalwa, Ramos and Raji cells were treated with 2, 10 and 20 µmol/l of curcumin for 48 h. The viability of the three lymphoma cell lines was decreased by curcumin treatment in a dose-dependent manner (Fig. 1A) . However, a lower concentration (2 µmol/l) of curcumin did not display an impact on the viability of NHL cells (P>0.05).
To examine whether this antiproliferative effect was permanent or transient, we further assessed the capacity of the cultures to recover from curcumin treatment. After incubation with curcumin for 48 h, cells were further incubated for 48 h in the absence of curcumin. Treatment with 10 and 20 µmol/l curcumin markedly inhibited the recovery of all cell lines, indicating substantial injury to DNA repair and replication (Fig. 1B) .
Curcumin enhances the antiproliferative effect of ionizing radiation. To examine the radiosensitization effect of curcumin on human lymphoma cells, we further investigated the effects of curcumin pre-treatment on radiation-induced cell death (Fig. 1C) . The treatment with 5 Gy IR resulted in growth inhibition. The percentage of cells that survived at 48 h were 83.51±2.27, 86.68±2.13 and 89.30±7.21% in Namalwa, Ramos and Raji cells, respectively. Curcumin significantly augmented the IR-induced inhibition of survival in the three cell lines. Although the low dose (2 µmol/l) of curcumin displayed no cytotoxicity on NHL cells, it enhanced the IR-induced cell death. Compared with IR alone, the combined treatment led to even less cell survival down to 74.90±5.52, 80.39±3.28 and 79.30±7.43% in the three NHL cell lines, respectively (P<0.05).
In order to better demonstrate the potential clinical benefit of curcumin in combination with radiotherapy, we selected a curcumin dose of 2 and 10 µmol/l for 4 h as the pre-treatment condition used in further molecular studies. Taken together, these results clearly demonstrated that curcumin treatment sensitized these tumor cell lines to IR.
Curcumin induces IR-mediated DNA damage. DNA polymerase β is crucial in the repair of DNA strand breaks (29) . To investigate whether the DNA-damaging effect is involved in the sensitization of the IR-induced antiproliferative effect by curcumin, we analyzed the expression of molecules involved in the regulation of DNA damage repair by western blot analysis. Our results demonstrated that curcumin treatment decreased the expression of DNA polymerase β and enhanced the IR-induced inhibition of DNA polymerase β (Fig. 2A) .
Considering that phosphorylation of ATM is an indicator of the presence of DNA double-strand breaks (30), we further analyzed the phosphorylation of ATM at Ser-1981. We observed an increased expression of phosphorylated ATM by IR or curcumin in either of the doses without any changes in the total ATM protein level (Fig. 2B ). This effect was more prominent when NHL cells were treated with a combination of curcumin and IR.
Curcumin enhances IR-induced G2/M arrest in lymphoma cells.
To gain further insight into curcumin's mechanism of action for the cell sensitization to IR-induced growth inhibition, we analyzed the distribution of the cell cycle by flow cytometry. Both curcumin (10 µmol/l) and IR treatment caused G2/M phase arrest in 37.73±3.31, 40.07±3.32 and 35.17±4.38% of Namalwa, Ramos and Raji cells, respectively. However, the pre-treatment of cells with 2 µmol/l of curcumin followed by IR led to a significant increase in G2/M phase arrest in Namalwa, Ramos and Raji cells (61.32±4.59, 44.15±4.65 and 40.21±3.97%, respectively). Meanwhile, the proportion of cells in the G0/G1 phase was concomitantly decreased following the combined treatment of IR and curcumin (2 µmol/l) (Fig. 3A-C) .
Curcumin enhances the IR induction of cell cycle regulatory
proteins. DNA damage generally leads to the activation of the ATM pathway (31, 32) . To further delineate the molecular mechanism of curcumin on enhanced IR-induced G2/M arrest, western blot analysis was used to determine the effect of curcumin on selected proteins that are involved in cell cycle regulation. Treatment of the cells with 10 µmol/l curcumin or IR displayed an increase in the expression of cyclin-dependent kinase inhibitors p21 cip1 and p53 as compared to the DMSOtreated control cells (Fig. 3D ). The treatment with combined curcumin and IR further increased the expression of both the p53 and p21 cip1 proteins as compared to the treatment with either of them alone.
We aimed to explore whether enhanced phosphorylation of ATM plays a role in the effect of curcumin on IR-induced cell cycle redistribution. NHL cells were incubated with an ATM-specific inhibitor, KU55933, (33) and were further subjected to curcumin treatment for 4 h followed by IR exposure. Pre-incubation with 10 µmol/l KU55933 prevented IR-induced ATM phosphorylation but also suppressed curcumin-enhanced activation of p53 and p21 cip1 by IR (Fig. 3D) . Previous studies have demonstrated that pre-treatment of cells with 20 µmol/l of curcumin for 4 h significantly suppressed the IR-induced overexpression of CDC2 and cyclin B1 in all three cell lines (13) These results provide further evidence for the possible involvement of ATM/p53/p21 cip1 in the G2/M cell cycle arrest caused by curcumin.
Curcumin inhibits the IR-induced mTOR-NF-κB pathway activation.
To investigate the effect of curcumin on mTOR activity in lymphoma cells, the regulation of mTOR phosphorylation by curcumin was examined. The treatment with 10 µmol/l of curcumin led to decreased phosphorylation of mTOR. Likewise, IR exposure induced mTOR phosphorylation in NHL cells, which reached the maximal level approximately 1 h after the irradiation (Fig. 4A) . However, pre-treatment with curcumin (10 µmol/l) inhibited the mTOR phosphorylation that was induced by IR (Fig. 4B) .
A 4-h treatment of NHL cells with rapamycin, a specific inhibitor of mTOR, markedly inhibited mTOR phosphorylation in NHL cells. However, when NHL cells were pretreated with rapamycin followed by IR, the IR-induced mTOR phosphorylation was suppressed (Fig. 4B) .
We previously demonstrated that IR induced p65 phosphorylation in NHL cells 4 h after IR (13) and curcumin pre-treatment inhibited its nuclear translocation. However, the mechanism through which curcumin regulates the activation of NF-κB is not clear. Previous studies have demonstrated that mTOR inhibition led to a reduced expression of P65 in various cancer cell types (34) . In this study, it was demonstrated that the treatment of NHL cells with rapamycin inhibited constitutively the expression of p65 and suppressed the IR-induced p65 phosphorylation. This may be indicative of the possibility that mTOR regulates the activation of NF-κB in NHL cells (Fig. 4C) . Taken together, the results of this study suggest that the regulation of NF-κB by curcumin in combination with IR is mediated by mTOR.
Discussion
In the present study, it was demonstrated that curcumin exerted cytotoxicity on NHL cells at high concentrations. Furthermore, pre-treatment of these cells with curcumin enhanced the cell response to ionizing radiation (IR) even at lower concentrations of curcumin, where curcumin alone failed to display any direct cytotoxicity in lymphoma cells. We also investigated the mechanism of action for the cell cycle arrest involved in the effect of curcumin treatment that is mediated through the DNA damage pathway. Curcumin was able to increase the G2/M cell cycle arrest induced by IR. This effect was probably mediated though the activation of the cell cycle regulators p53 and p21 that was in turn dependent on the increased ATM phosphorylation indicating the presence of DNA double-strand . The cells were lysed 1 h after IR exposure and were subjected to western blot analysis using the indicated antibodies (pmTOR was normalized to total mTOR levels). (C) NHL cells were treated as described in B (P-p65 was normalized to total p65 levels).
breaks. IR induced mTOR phosphorylation in NHL cells within 1 h after IR exposure and pre-treatment with curcumin (10 µmol/l) inhibited this effect.
It has been well documented that curcumin possesses antitumor activity through the inhibition of proliferation, invasion, angiogenesis and induction of apoptosis and cell cycle redistribution (35) . However, susceptibility to curcumin varies among different cell lines, indicating that it has either multiple targets that are expressed in a cell-specific manner or one target that affects cell-specific pathways. We reported that the cytotoxic effects of curcumin and IR in NHL may be mediated through the DNA damage pathway, evidenced by a reduced expression of DNA polymerase β and an increased ATM expression. Our results were consistent with previous reports, in which curcumin caused DNA damage in human pancreatic cancer through the increased phosphorylation of H2A.X and Chk1 and reduced expression of DNA polymerase β (36) .
We next investigated the mechanism of action for curcumin and IR in the induction of G2/M phase arrest in NHL cells that was mediated through the DNA damage pathway. Cells are blocked in the G2/M phase during DNA damage (32) . The critical target of p53 at G2/M is the Cdk inhibitor p21, which causes the dissociation of the cdc2 and cyclin complex (37) . Consistent with previously published reports (36, 38, 39) , the present study revealed that pre-treatment with curcumin enhanced IR-induced cell arrest in the G2/M phase and concomitantly decreased the percentage of cells in G0/G1 phases in lymphoma. In the G2/M phase, cells are more susceptible to the cytotoxic effects of radiotherapy (40, 41) . At the same time, curcumin enhanced IR-induced expression of p53 and p21. The IR-induced expression of p53 and CDK inhibitor p21 cip1 as a result of cell treatment with curcumin may thus provide a potential molecular mechanism of action for the induction of cell arrest in G2/M phase.
DNA damage checkpoints are predominantly associated with the activation of ATM, which plays an important role in DNA repair (32) . In previous studies, treatment of non-small cell lung cancer A549 cells and pancreatic cancer cells with curcumin, induced cell cycle arrest through activation of ATM by its phosphorylation (32) . Our results further demonstrated the ATM phosphorylation at Ser-1981 as a result of curcumin treatment and IR exposure. To confirm the involvement of ATM phosphorylation in the IR-induced G2/M phase arrest as a result of curcumin treatment, NHL cells were pre-incubated with a specific ATM inhibitor KU55933 followed by IR exposure. Utilization of KU55933 markedly abrogated IR-induced ATM phosphorylation as well as the expression of p53 and p21 cip1 . These results suggest that the phosphorylation of ATM plays a crucial role in G2/M phase arrest induced by IR and curcumin through the regulation of p53 and p21 cip1 expression. We previously demonstrated that curcumin sensitizes NHL cells to IR-induced apoptosis through decreasing the NF-κB expression and by inhibiting its nuclear localization induced by IR exposure (13) . However, the details of the mechanism by which curcumin regulates IR-induced activation of NF-κB remains unclear. As previously suggested, the activation of mTOR cascade has been hypothesized to increase the radiation resistance in tumors. Therefore, the mTOR cascade is triggered as a cellular defense mechanism in response to IR exposure to prevent radiation-induced cell death. It has been reported that an mTOR inhibitor was able to sensitize numerous cancer types to DNA damaging agents including IR (42) . In addition, mTOR has been reported to be a direct target of curcumin in various tumor cell lines (26) . Curcumin inhibited the phosphorylation of mTOR and its downstream targets in numerous cancer cell lines. This further led to the inhibition of cell growth, cell cycle progression and cell proliferation (43, 44) . Thus, it is reasonable to hypothesize that mTOR may mediate the radiosensitization effect of curcumin in NHL through the regulation of NF-κB activation. The treatment of NHL cells with curcumin in this study, significantly inhibited the constitutively expressed mTOR and NF-κB proteins. However, the pre-treatment of NHL cells with curcumin followed by 5 Gy of IR treatment suppressed IR-induced mTOR phosphorylation and p65 nuclear translocation. In addition, rapamycin treatment inhibited the constitutive expression of p65 and suppressed its IR-induced phosphorylation. Taken together, these results strongly suggest that the treatment of NHL with curcumin results in a radiosensitization effect that is mediated through the inhibition of the mTOR-NF-κB pathway. This may be the underlying mechanism of action for curcumin's effect on IR-induced NHL cell death.
In conclusion, our results indicate that curcumin may enhance the NHL cell response to IR through the modulation of the G2/M phase arrest and the inhibition of the mTOR pathway.
